1. The electrical responses of nociceptive (N) lateral and N medial neurons of the leech segmental ganglion to mechanical, chemical, and thermal stimulation of the skin were studied in a superfused ganglion-body wall preparation. 2. Mechanical indentation of the skin > 10 mN evoked in both types of cells a sustained discharge of impulses; afterdischarge was often observed with suprathreshold stimulations.
3. Application to the cutaneous receptive area of lo-100 mM acetic acid or of NaCl crystals and solutions also elicited a firing response in N medial and N lateral cells. In contrast, capsaicin applied to the skin ( 3.3 X 10 -5 to 3.3 X 10 -2 M) excited N lateral but not N medial neurons. Likewise, impulse discharges were obtained when capsaicin was applied to the cell bodies of N lateral but not of N medial neurons.
4. In both types of N neurons, heating of the skin above 39°C evoked a discharge of impulses whose frequency was roughly proportional to temperature values.
5. Application of repeated suprathreshold heating cycles at lomin intervals enhanced the impulse frequency of the response (sensitization). Shorter time intervals between heating cycles depressed the response to heat. Sensitization could not be obtained by equivalent soma depolarizations obtained by intracellular current injection.
6. Impulse discharges evoked by irritant agents were also augmented by previous application of noxious heat. 7 . N lateral neurons fired in response to low-pH solutions and capsaicin directly applied onto the ganglion. N medial neurons responded inconsistently to acid and were insensitive to capsaicin. Action potentials evoked in N lateral cells by capsaicin had a slow rise, a prominent hump, and a prolonged afterhyperpolarization.
8. It is concluded that N neurons of the leech segmental ganglion respond to different modalities of noxious stimuli applied to their peripheral receptive fields and develop sensitization after repeated noxious stimulation. These properties are typical of mammalian polymodal nociceptors; thus N neurons may be a simple model for analysis of membrane mechanisms associated with polymodality of nociceptive neurons.
INTRODUCTION
Pain is a sensation evoked in humans by noxious stimuli applied to the skin or deep tissues. Neural responses to tissue damage are also present in lower animal species (Walters 1994; Woolf and Walters 199 1) . Nerve endings detecting injurious stimuli in mammals are peripheral terminals of primary neurons located in sensory ganglia. Endings responding to noxious mechanical forces, chemical irritants, and heat are called polymodal nociceptors (Bessou and Per1 1969) . A prominent feature of polymodal nociceptors is sensitization, characterized by an enhancement of the firing response, threshold decrease, and development of background activity on repeated noxious stimulation (Bessou and Per1 1969) . Sensitization has been demonstrated in nociceptors innervating the skin, joints, muscle, cornea, and various viscerae (for a review see Meyer et al. 1994) .
Knowledge of the cellular mechanisms involved in stimulus transduction by nociceptive terminals is poor, because the small size of nerve endings precludes the use of conventional biophysical methods. An alternative approach to studying mechanisms of nociceptive transduction is based on the assumption that the somata of primary nociceptive neurons exhibit some of the transducing properties present in the peripheral terminals (Baccaglini and Hogan 1983; Bevan and Yeats 1991; Wood et al. 1988) . Functional characterization of nociceptive neurons in animal species where they can readily be identified and impaled may be helpful for this type of study.
The leech has a nervous system that possesses several advantages in the study of nociception. The skin of each segment of the animal is innervated by a number of neurons identified as mechanosensitive, whose cell bodies are located in the segmental ganglion in a stereotyped position, including pressure (P), touch (T), and nociceptive (N) neurons that have characteristically different action potential waveforms (Nicholls and Baylor 1968) . Lateral and medial N neurons have been considered nociceptive because of their high mechanical threshold compared with those of the other mechanosensitive ganglion cells ( Blackshaw 198 1; Blackshaw et al. 1982) . In the present study we explore whether N neurons exhibit functional properties similar to those of polymodal nociceptive neurons of mammals, i.e., responsiveness to different high-intensity stimulus modalities and sensitization after repeated noxious stimuli. Preliminary results were reported elsewhere (Pastor et al. 1994) .
METHODS

Dissection and recording
Leeches (Hirudo medicinalis) were obtained from Ricarimpex (Audegne, France) and kept in spring water at room temperature. The segmental ganglion attached to the skin by its roots was excised from the animal without anesthesia and placed outside up in a Lucite chamber (volume: 2 ml) to be continuously superfused with Ringer solution (composition in mM: 115 NaCl, 4 KCl, 1.8 CaCl, , 10 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, and 10 glucose, pH 7.4) (Nicholls and Baylor 1968 rarine (Sigma) were added to the bath to block muscular reflexes elicited by cutaneous stimulation (Kuffler 1978) . The perfusion chamber had two compartments, with the bottom covered with a layer of Sylgard: a higher-level compartment, where the ganglion was pinned out by itscut roots and connectives, and a lower compartment, used to secure the body wall (Fig. 1A) . Both levels were split by a small cleft to prevent movements elicited by mechanical stimuli of the skin from being transmitted to the ganglion. A tube embedded in the Sylgard, whose tip ended beneath the body wall, was used to apply capsaicin to the internal side of the skin (Fig.  1 B) . In some experiments a small polyethylene chamber was glued to the cutaneous receptive area with cyanacrylate glue, so test solutions could be applied without diffusion to neighboring areas (Weston et al. 1984) (Fig. 1B) . Impermeability was ascertained by filling the chamber with diluted ink. In a set of experiments, the ganglion was isolated in a small chamber. The preparation was continuously superfused by a gravity system at a rate of l-2 ml/min. Experiments were carried out at room temperature (20-25°C).
Glass microelectrodes were pulled with either a Narishige PE-2 or a Sutter Instruments P-87 puller, and filled with 3 M KCl. Resistances ranged from 20 to 80 MR. The ground electrode was connected via an agar bridge to an amplifier (Microprobe System, 707A, WPI Instruments; and Axoprobe-1 A, Axon Instruments). Amplified recordings were displayed on the oscilloscope and recorded on video tape (Panasonic VHS).
Mechanical stimulation
Mechanical stimulation was performed with a set of calibrated von Frey hairs (force values: 0.2, 0.8, 1.1, 2.4, 9.6, 19.5, 41, 49, and 85 mN, 4 = 0.45 mm). At the beginning of the experiment, responsiveness was confirmed with a suprathreshold von Frey hair (49 mN) . For controlled mechanical displacements, von Frey hairs were mounted in a device that allowed regulation of time of stimulation and displacement of the probe and automatic interchange. Sustained mechanical stimulations lasted 5, 10, or 30 s; a resting period of 30 s to 3 min was allowed between tests.
Chemical stimulation
The following stimuli were used: acetic acid solutions (1.0 x lo-', 5.0 X lo-', 1.0 X lo-', and 1.0 M, corresponding to pH values of 3.3, 2.9, 2.7, and 2.4, respectively), NaCl crystals and NaCl solutions ( 1 and 5 M), sucrose crystals and sucrose solutions ( 1 M), and capsaicin solutions (3.3 x 10m6 to 3.3 x lo-* M). Capsaicin (Sigma) was dissolved in 8.5% Tween 80 (Sigma) and 1.5% ethanol and diluted in saline to the final concentration.
Chemical irritants were dropped on the skin with a pipette (50 ~1) after mechanosensitivity of the receptive area was confirmed. The cutaneous mucus was gently removed with a piece of tissue paper before chemical stimulation was given. This maneuver proved to be important for obtaining responses to irritant stimuli applied to the skin (see below). Drops of Ringer solution were initially applied to exclude mechanical stimulation by the test solution.
In experiments performed with isolated but not desheathed segmental ganglia, acidic solutions (pH 7-2.5) were applied by means of a capillary glass connected to a syringe, whose tip was placed in the close proximity (<0.25 mm) to the ganglion surface; 0.2 ml of the test solution was injected in 30 s. Solutions containing capsaicin at various concentrations (3.3 x 10m6 to 3.3 x 1O-3 M) were also perfused during 4-min periods followed by wash with Ringer solution. In all cases, a resting period of 215 min was allowed between applications of test solutions.
All solutions were kept at room temperature for 2 10 min before administration.
Thermal stimulation
Thermal stimuli were delivered with an electronically controlled thermode consisting of a Peltier cell monitored by a thermocouple buried in the tip of the probe that was placed in contact with the skin (tip size: 25 mm'). We put the probe in place ~5 min before beginning the temperature change, making sure that the pressure exerted on the skin was not high enough to excite the N cell. Temperature was raised stepwise from an adapting value of 26-30°C in 2°C 15-s steps up to 43-46°C and then returned to basal temperature. Intervals between heating runs were either 5 or 10 min.
Experimental protocol
After introduction of the microelectrode into the desired neuron, the responsiveness of the cell to peripheral stimulation was ascertained by stimulating the skin with a 49-mN von Frey hair. The receptive area was further studied in some experiments, to determine mechanical threshold and pattern of response to mechanical stimuli. Chemical and/or thermal sensitivity were subsequently explored, as described above. To prevent uncontrolled sensitization, the preparation was discarded after repeated mechanical, chemical, or thermal stimulation of the skin, so that only one neuron of that ganglion was studied per experiment.
Data analysis
Off-line analysis of recordings was performed with the use of an A-D converter and an IBM PS/2 computer. A 1401 A-D converter (Cambridge Electronic Design) was employed to acquire single action potentials at a frequency of 20 kHz. Impulse discharges were acquired at a frequency of 1 kHz with a TL-1 DMA Interface (Axon Instruments).
Trains of impulses were also recorded on paper with the use of a pen recorder (NEC Instruments). In this case, action potentials are cut off and consequently smaller than in oscilloscope traces. Comparison of data was made with the use of a single-or double-tailed Student's t-test or analysis of variance when possible; otherwise, matched Wilcoxon or Mann-Whitney U tests were used. To evaluate responses to chemical stimuli, mean frequency values during a 60-s period preceding the application of the agent were compared with frequency values measured during the presence of the test substance. The first spike after application of the stimulating solution was taken as the zero time of the response.
Digitized action potentials were analyzed with the use of the EPC V6.0 software from Cambridge Electronic Design and an original computer program. Parameters analyzed were spike amplitude (mV) , spike duration at 50% (ms ) , repolarization time at 50% (ms), repolarization time at 90% (ms), magnitude of the afterhyperpolarization (AHP) (mV), duration of AHP at 75% of maximal amplitude (ms) , maximum rate of rise (V/s), and maximum rate of fall (V/s) (Erdelyi et al. 1986 ). Data are expressed as means t: SE. Significance level was established at P < 0.05.
RESULTS
T, P, and N neurons were identified visually by their location on the ganglion. After the cell was impaled, identification of neurons was confirmed by their different action potentials elicited by current injection (Blackshaw 198 1; Nicholls and Baylor 1968) and by their mechanical thresholds, which were markedly lower in T and P neurons ( see below). Resting potentials of N lateral and medial cells ranged from -35 to -60 mV (N lateral, -45.7 ? 1.4 mV, mean t SE, n = 130; N medial, -46.2 ? 1.5 m-V, n = 104). Cells with membrane potentials below -30 mV were discarded. Both N lateral and N medial cells displayed an irregular, low-frequency ongoing activity at rest, before any stimulation of the skin. Mean frequency of background activity was 0.09 t 0.02 imp/s for N lateral neurons (n = 64) and 0.30 _ .
+ 0 04 imp/s (n = 36) for N medial neurons. This parameter was not studied in all the recording cells. Differences were significant (P < 0.001, Mann-Whitney U test). Mechanical, chemical, or thermal stimulation of the cutaneous surface of the excised body wall elicited an impulse response described in the following sections. Often, a contraction of the muscles of the wall was elicited by sensory stimulation. Addition of 500 PM D-tubocurarine to the perfusate eliminated muscle contraction (Kuffler 1978) . No differences in the behavior of the neurons studied here were found that could be associated with the presence of D-tubocurarine in the bathing medium.
Stimulation of the skin
The lowest mechanical threshold of N neurons was 9.6 mN (found in 1 of 13 N lateral cells and in 4 of 13 N medial cells). Most N lateral neurons ( 12 of 13) and all N medial neurons ( 13 of 3) were recruited with 19.4 mN. P and T neurons exhibited a much lower mechanical threshold (<0.8 mN for P neurons, n = 7; <0.2 was switched off (solid bars). In both cases, mean frequency of spontaneous activity during a 30-s period preceding stimulation was subtracted. All data are means + SE. mN for T neurons, n = 4), although mechanical responsiveness of these cells was not systematically explored.
these cells was not systematically explored. In response to a sustained mechanical indentation of the mN for T neurons, n = 4), although mechanical responsiveness of
In response to a sustained mechanical indentation of the skin, N cells produced a train of action potentials whose frequency reached a peak and then decayed gradually to a fairly constant value that was approximately proportional to the amplitude of the stimulus (Fig. 2, A and B) . When highintensity, suprathreshold mechanical stimuli were applied, impulse firing persisted for several seconds (normally between 2 and 10 s) after cessation of the stimulus. Frequency and duration of poststimulus discharges were also roughly proportional to mechanical intensity (Fig. 2C) . No differences in firing pattern in response to skin, N cells produced a train of action potentials whose frequency reached a peak and then decayed gradually to a fairly constant value that was approximately proportional to the amplitude of the stimulus (Fig. 2, A and B) . When highintensity, suprathreshold mechanical stimuli were applied, impulse firing persisted for several seconds (normally between 2 and 10 s) after cessation of the stimulus. Frequency and duration of poststimulus discharges were also roughly proportional to mechanical intensity (Fig. 2C) . No differences in firing pattern in response to mechanical stimulation were observed between lateral and medial N neurons. mechanical stimulation were observed between lateral and medial N neurons. of an N lateral cell evoked by pH 2.9. B: mean response of N lateral neurons (empty bars, n = 15 for pH 7.4; n = 8 for pH 3.3; yz = 7 for pH 2.9; yz = 6 for pH 2.7) and N medial neurons (striped bars, YE = 11 for pH 7.4; n = 5 for pH 3.3; n = 8 for pH 2.9; n = 3 for pH 2.7) to increasing acetic acid concentrations. down, persisting as an irregular discharge long after the stimulating solution had been washed out (Fig. 3, A and B). Sensitivity to acidic solutions was higher in N lateral than in N medial cells (Fig. 3C , Table 1 ) . This was reflected by the differences in threshold and intensity of the response between both types of cells. As illustrated in Fig.  3C , mean firing rates of the discharge evoked by acidic solutions were greater in N lateral cells; furthermore, the proportion of cells recruited by low pH values was higher in the subpopulation of N lateral neurons (Fig. 3C , inset, Table 1 ) . The possibility that responses to pH were due to a direct effect of protons diffusing from the skin back to the soma of the recorded cell was excluded by cutting nerve roots connecting the skin with the ganglion. Under these circumstances, acidic solutions applied to the skin were ineffective in activating N neurons. After responding to low pH, cells were still activated by mechanical stimulation of the skin. T and P neurons were insensitive to cutaneous application of acidic solutions ( pH 3.3, tested in 3 T cells and 1 P cell; pH 2.9, tested in 3 T and 3 P cells; pH 2.7, tested in 4 T and 7 P cells). Only in one P lateral cell, a weak discharge (8 impulses in 90 s) was observed following application of a pH-2.7 solution.
Hypertonic NaCl and sucrose solutions. Solutions with 1 and 5 M NaCl as well as NaCl crystals produced a vigorous excitation of both N lateral (~1 = 7) and N medial (~1 = 3) cells. Figure 4 shows an example of the impulse discharge evoked by 0.12 and 5 M NaCl and NaCl crystals. In contrast, no impulse response was obtained by application onto the cutaneous receptive area of N neurons of 1 M sucrose solution, sucrose crystals, or distilled water.
Capsaicin. Capsaicin applied to the skin elicited a longlasting impulse response in N lateral neurons at concentrations >3.3 X 10 -5 M (Fig. 5A) ; mean frequency response and latency of the first impulse were roughly proportional to capsaicin concentration. In Fig. SC , data are adjusted to a Michaelis-Menten function, with a median effective concentration of 2.4 X 10e4 M. No response was obtained in two neurons where the vehicle (Tween 80, 0.34 M, and ethanol, 0.26 M) was tested. When capsaicin (3.3 X 10V4 M) was applied to the internal side of the body wall, the impulse discharge appeared with a shorter delay (28 t 6 s, n = 3 vs. 57 ? 13 s, n = 5, P < 0.01). However, no significant differences in the mean frequency of the evoked discharge were found between applications on either side of the skin. N medial neurons were not excited by capsaicin (Table 1) . Likewise, no firing responses were observed in T or P sensory neurons after capsaicin administration to Heat stimuli. An impulse response to heating of the cutaneous receptive field was obtained in N lateral and N medial cells. Neither T nor P cells responded to temperature rises up to 45°C although T medial cells discharged occasionally with temperature decreases. Threshold was defined as the temperature at which mean frequency value was different from and persisted at a greater level than (P < 0.01) the mean frequency of spontaneous discharge, measured 1 min before heating (Cohen and Per1 1990) . Threshold values were 38.7 ? l.O"C for N lateral cells (n = 20) and 39.5 t 0.9"C for N medial cells (n = 5). Differences in threshold between both types of cells were not significant. Thermal responses had a dynamic component, evidenced by the higher impulse discharge during the rising phase of a temperature step. This is the reason why in intracellular recordings of thermal stimulation seems to occur in bursts, which appear during the small increases in temperature because of the inertia of the device. Firing AND C. BELMONTE frequency increased with temperature, as shown in Fig. 6 . The relationship between temperature values and mean firing frequency in 24 N lateral neurons is depicted in the curve (open circles) of Fig. 7A .
Repeated heating cycles. The influence of previous heating of the skin on the firing response to another heating run was explored in N lateral cells. In a set of five experiments, two to three thermal stimuli beginning at an adapting temperature of 26-30°C up to 44-46°C were applied, with a 3-to 5-min interval between cycles. As shown in Fig. 7B (solid circles) and in the example of Fig. 6A , with this interval a reduced response to temperature increases was observed during the second heating cycle. This occurred in four of five N lateral neurons (Tables 1 and 2 ).
In another group of 17 N neurons ( 12 lateral and 5 medial), a lo-min pause was allowed between repeated heating cycles. After this time interval, most cells exhibited a reduced threshold and an enhanced firing rate in response to the second heating cycle (Fig. 6B ). This sensitization was reflected in the shift to the left of the stimulus-response curve during the second heating run, as shown in Fig. 7B (solid circles). Table 2 summarizes the data of threshold and mean firing frequency after repeated heating in the population of N lateral and N medial cells used in this study.
The possibility existed that sensitization was caused by intrinsic changes in membrane excitability as a consequence of the repeated impulse activity elicited by the first heating cycle. To explore this alternative, we substituted the impulse discharge evoked by the first temperature run with an equivalent train of impulses, artificially generated in the soma through the passage of an intracellular depolarizing current ( l-2 nA, 10 ms ) , for a similar period of time. This was followed 10 min later by a standard thermal stimulus applied to the cutaneous receptive field. As shown in Fig. 7A (triangles) , the response to the second heating run was depressed in neurons subjected to artificial depolarization. Finally, to determine whether sensitizing effects of heat on N neurons were direct, or synaptically mediated through the activation of another neurons, we replaced 20 mM NaCl in the perfusing solution with the equivalent amount of MgC12. Sensitization to repeated heating still occurred in all experiments in the presence of this high-Mg2+ saline (~2 = 3, data not shown). Sensitization to chemicals by heating. The influence of a previous suprathreshold heating on the response to acetic acid was explored, comparing the response to 10 mM acetic acid ( pH 3.3 ) applied to the skin before and 10 min after application of three thermal cycles spaced by a lo-min interval.
As shown in the example of Fig. 8 , the response to acetic acid was of higher frequency and longer duration when the receptive field had been repeatedly heated to suprathreshold levels. Previous experiments had demonstrated that neither pH-3.3 (n = 3) nor pH-2.9 (n = 3 ) acidic solutions produced sensitization of N cells when applied repeatedly with a lomin interval (data not shown).
Sensitization to heat by chemicals. Pretreatment of the skin receptive area with pH-2.7 acetic acid solution (n = 3) elicited an impulse response to a subsequent thermal heating that was larger than the response observed in neurons sub- Log [Capsaicin] jetted to a heating cycle alone (Fig. 9 , A and C) . Pretreatment with pH-3.3 (n = 2) and pH-2.9 (n = 2) solutions failed to sensitize the response to heat. In one experiment (Fig. 9B) , capsaicin (3.3 X 10m2 M), applied to the' cutaneous receptive field 10 min before heating, also enhanced the response to thermal stimulation. STIMULATION OF THE GANGLION.
Acidic solutions.
When solutions of pH < 4 were directly applied to the ganglion surface (Fig. lOA) , a vigorous discharge of impulses was . . A B evoked in the somata of N lateral cells. At high firing frequencies, abortive spikes were seen. A parallel, long-lasting depolarization was also observed. The shape of individual action potentials was not altered by acid. The firing response to repeated application of low-pH solutions did not show adaptation. The frequency of discharge was proportional to the pH of the test solution (Fig. lOC, open bars) .
A firing response to acidic solutions (pH 3.5 -2.5) was obtained in four of six N medial neurons (Fig. 10B ). This Top and bottom intracellular recordings illustrate the response to the 1st (52 spikes) and 2nd ( 175 spikes) heating cycles, respectively. B: experiment similar to that in A, but with the 2nd heating cycle (47 spikes) spaced 10 min apart from the 1 st thermal stimulation (97 spikes). Temperature of the heating probe is given by the traces under the intracellular recordings.
Temperature oscillations caused by the feedback system are filtered in these recordings, but are the bursting pattern of the impulse discharge. B. SORIA, AND C. BELMONTE plitude of AHP was reduced and its duration nearly doubled (see Fig. 11 D, Table 3 ). The frequency of discharge was proportional to the pH of the test solution h r&s*;= s comparewithTable3).
( Fig. 11 E) . In MgCIT Ringer solution, action potential modifications caused by capsaicin were markedly reduced or suppressed (spike duration at 50%, 2.62 t 0.22 ms; repolarization time at 50%, 1 68 + 0 15 ms repolarization time at 90%, 3.27 I~I 0.34 in contrast, capsaicin did not evoke membrane or action Medial and lateral N cells of the segmental ganglion of the leech (H. medicinalis) were originally described as mechanonociceptive, because they seemed to respond with a train of impulses only to high-threshold mechanical stimuli (Blackshaw 1981; Blackshaw et al. 1982; Nicholls and Baylor 1968) . In their seminal paper, Nicholls and Baylor ( 1968) also stimulated the cutaneous receptive field of N cells with osmotic changes in the Ringer solution, with pH changes between 2 and 12, and with temperature changes from 2 to 40°C. The absence of response to these stimuli led these authors to the conclusion that N cells were exclusively mechanosensitive. In contrast, our experiments show that N cells were also excited by chemical irritants and noxious consisted of a low-frequency, short-lasting impulse discharge (Fig. lOC, striped bars) . In some cases, the response
could not be reproduced when a second test was performed with a solution of lower pH. Capsaicin. Solutions containing capsaicin at concentrations >3.3 X 10 -4 elicited a discharge of impulses in the somata of N lateral cells (~2 = 9; Fig. 11A ). Lower concentrations (3.3 X IO-" M, n = 12, and 3.3 X 10e6 M, YL = 3) were ineffective (Table 1) . A parallel decrease of input resistance (from 93.1 -+ 10 6 to 47.5 ? 7.7 Ma, P < 0.001, . y2 = 9, paired Student's t-test) was also observed (Table  3 ; Fig. 11 , B and C) . Action potentials evoked by direct over the control value (Fig. 11 D, inset) . Moreover, the am-(maximum skin temperature attained) was attributed to these cells. 
PH
The possibility of excitation being due to diffusion of the test substance to the cell soma was prevented in our experimental conditions; also, experiments made in the presence of 20 mM MgC12, which abolishes synaptic transmission (Muller 198 1; Nicholls and Purves 1970) , exclude the possibility that responses were mediated by other cells. Thus it can be concluded that chemical irritants had a direct effect on nociceptive nerve endings. As occurs in polymodal nociceptors of testis and cornea (Belmonte et al. 1991; Gallar et al. 1993; Kumazawa and Mizimura 1980) , NaCl had an excitatory effect on N cell terminals that did not seem to be associated with an osmotic mechanism, because it was not reproduced with hypertonic solutions of sucrose or with distilled water (Nicholls and Baylor 1968 ) . Acid and capsaicin were also effective stimuli for periphera1 terminals of N lateral cells; in contrast, endings of N medial neurons responded weakly to acid and were insensi- C: mean firing frequency of the response to low-pH solutions in N lateral cells (open bars, n = 3 ) and in N medial cells (striped bars, n = 3 for pH 3.5; n = 4 for pH 3.0; n = 3 for pH 2.5).
after high-intensity stimuli, limited encoding capacity of stimulus amplitude) closely resemble the response of mammalian polymodal nociceptors to noxious mechanical forces (Burgess and Per1 1973) .
Chemical responses
Several chemical stimuli applied on the cutaneous receptive field proved to be efficacious in activating N neurons.
A tive to capsaicin. Nevertheless, capsaicin applied to the internal side of the body wall also excited N lateral nerve terminals, but was ineffective on N medial nerve terminals, thus excluding the possibility that the lack of response was due to a poor penetration of capsaicin.
Two inward currents induced by protons have been distinguished in the somata of primary sensory cells of vertebrates: a rapidly inactivating Na+ current that has been found in the various functional types of primary sensory neurons, and a sustained inward current, resulting from an increase by protons of a nonselective cationic conductance, that is apparently restricted to polymodal nociceptive neurons (Bevan and -Yeats 1991) . The presence of these currents in the peripheral endings of N neurons of the leech may explain their responsiveness to strong acidic stimuli. Proton sensitivity was also present in the somata of N cells. Responses were Values are means t SE except for n, which is number of cells. N, nociceptive; AHP, afterhyperpolarization. * P < 0.001, analysis of variance (ANOVA). "f P < 0.5, ANOVA.
$ P < 0.01, ANOVA.
activated by sudden application of low-pH solutions, whereas gradual pH decreases appeared to be quite ineffective. A similar observation has been reported for intracellular Ca2+ rises evoked by exposure to low-pH solutions in mammalian sensory neurons ( Garcia-Hirschfeld et al. 1995) . In mammals, capsaicin acts as a specific stimulant of polymodal nociceptive cells, apparently activating the same channels than acid (Bevan and Yeats 1991; Liu and Simon 1994; Marsh et al. 1987) . In molluscan neurons, capsaicin applied to the soma depolarized the cell and increased membrane resistance and duration of the action potential through a change of various cationic currents (Erdelyi et al. 1986) . A similar effect may explain the effects of capsaicin on the somata of the N lateral cells. However, in these cells, capsaicin increased membrane conductance. The apparition of a pronounced hump in the action potential and its abolition during perfusion with MgC12 suggest a contribution of Ca2+ channels to action potential changes elicited by capsaicin in N lateral neurons. I Some of the differences in chemosensitivity between lateral and medial N cells could be explained in part because peripheral endings of N lateral neurons are more superficial than those of N medial cells (Blackshaw et al. 1982) . However, sensitivity to capsaicin and acid was mainly present not only in nerve terminals but also in the somata of N lateral neurons. Thus, by analogy with mammalian primary sensory cells, it is tempting to speculate that both types of N neurons may have a fast-inactivating Na+ conductance activated by acid but that N lateral cell possess also a late, sustained current selectively activated by protons and capsaicin (Bevan and Yeats 199 1) . If this were true, N lateral neurons would resemble polymodal nociceptive cells, whereas N medial neurons would be more like high-threshold, mechanonociceptive neurons of mammals. Differences in transducing properties of peripheral terminals between both types of cells are not surprising. N lateral neurons innervate the deepest epithelial layers of the skin and are associated with Hoovers cells, whereas N medial neurons send terminals to the connective tissue around the gut as well as to the skin; furthermore, differences in the pharmacological types of extra synaptic receptors present in the somata of both types of cells and in other properties have been reported (Blackshaw 1981; Johansen et al. 1984; Sargent et al. 1977 ).
Thermal responses and sensitization
In our experimental conditions, all N lateral and N medial cells were activated by heating of the cutaneous receptive field, at a threshold value -39OC. In contrast, T and P neurons were insensitive to heat. N neurons encoded suprathreshold temperature values and dynamic temperature variations, as occurs in mammalian nociceptive fibers responding to heat (Beck et al. 1974; Belmonte and Giraldez 1981; Bessou and Per1 1969) . Sensitization and/or inactivation on repeated noxious stimulation of the receptive area is a specific characteristic of polymodal nociceptors (Bessou and Per1 1969; Fitzgerald and Lynn 1977) , and was also present in leech N neurons. The possibility that acid stimulation sensitizes the mechanical response was not explored in the present experiments, but appears as an interesting question for future studies. Sensitization was more prominent and had a higher incidence among N lateral cells. In Aplysia, alterations of membrane conductance after noxious stimulation occur in peripheral sensory processes and in the soma, presumably reflecting a general increase in excitability across the cell that is mediated both by the action of extrinsic modulators and by intrinsic, activity-dependent facilitation and inhibition (Billy and Walters 1989b; Clatworthy and Walters 1993a,b; Walters 1987a,b) . Our experiments indicate that in the leech, sensitization evoked by repeated noxious heating or by chemical irritation of the skin takes place in peripheral terminals. Blockade of synaptic transmission with 20 mM MgC12 (Muller 198 1; Nicholls and Purves 1970) did not prevent the appearance of sensitization. Furthermore, equivalent repetitive spike activity induced by soma activation had a depressive effect on sensory neuron excitability, as happens in Aplysia (Clatworthy and Walters 1993b). In leech N neurons, repetitive nerve stimulation produces hyperpolarization (Baylor and Nicholls 1969; Jansen and Nicholls 1973) . Nevertheless, the possibility that N neurons of the leech might be subjected to other extrinsic or intrinsic modulatory influences after prolonged noxious stimulation was not explored in our experiments.
Sensitization of peripheral nociceptive terminals is produced by chemical intermediaries of inflammation released locally by injured cells. Protons, arachidonic acid metabolites (E-type prostaglandins, leukotrienes), 5hydroxytrypta-B. SORIA, AND C. BELMONTE mine (5HT), bradykinin, substance P, and other neuropeptides have been proposed as mediators of nociceptive sensitization in mammals (Handwerker 1991) . In ApZysia, sensitization of mechanosensory neurons by noxious stimuli is mimicked by infusing 5-HT or molluscan small cardiactive peptide B into the body wall or by applying 5-HT to the neuronal somata (Billy and Walters 1989a; Klein et al. 1986; Walters et al. 1983) . Recently it has been shown in the leech that peripherally superfused 5-HT and acetylcholine increased the number of action potentials elicited by mechanical stimulation onto the receptive field of T cell, and acetylcholine increased the nu mber of action potentials evoked by mechan ical stimulation onto the receptive field of P cell (Gascoine and McVean 199 1) . In our experiments, tissue damage induced by thermal or chemical injury presumably releases a modulatory agent, as suggested by the slow buildup of sensitization. It has been reported that 5-HT depolarizes N lateral but not N medial cells (Sargent et al. 1977) ; thus a possible participation of this substance in peripheral sensitization of leech nociceptive afferents deserves experimental attention.
Our results prove the existence of functional similarities between N neurons and mechanonoc nociceptive neurons of mammals. N iceptive neurons or polymodal can be easily identified and explored with biophysical methods, thus becoming a potentially useful preparation in the study membrane mechanisms underlying polymodality and sensitization of nociceptive neurons in a simple model.
